The main olfactory bulb is a critical relay step between the olfactory epithelium and the olfactory cortex. A marked feature of the bulb is its massive innervation by cholinergic inputs from the basal forebrain. In this study, we addressed the functional interaction between cholinergic inputs and intrinsic bulbar circuitry. Determining the roles of acetylcholine (ACh) requires the characterization of cholinergic effects on both neural excitability and synaptic transmission. For this purpose, we used electrophysiological techniques to localize and characterize the diverse roles of ACh in mouse olfactory bulb slices. We found that cholinergic inputs have a surprising number of target receptor populations that are expressed on three different neuronal types in the bulb. Specifically, nicotinic acetylcholine receptors excite both the output neurons of the bulb, i.e., the mitral cells, as well as interneurons located in the periglomerular regions. These nicotine-induced responses in interneurons are short lasting, whereas responses in mitral cells are long lasting. In contrast, muscarinic receptors have an inhibitory effect on the firing rate of interneurons from a deeper layer, granule cells, while at the same time they increase the degree of activity-independent transmitter release from these cells onto mitral cells.
Cholinergic signaling thus was found to have multiple and opposing roles in the olfactory bulb. These dual cholinergic effects on mitral cells and interneurons may be important in modulating olfactory bulb output to central structures required for driven behaviors and may be relevant to understanding mechanisms underlying the perturbations of cholinergic inputs to cortex that occur in Alzheimer's disease.
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Considerable evidence exists for an extrinsic cholinergic influence in the maturation and f unction of the main olfactory bulb (Halász and Shepherd, 1983; Le Jeune et al., 1996) . It is also well established that a number of neurodegenerative disorders related to cholinergic systems are accompanied by olfactory dysfunctions (Serby et al., 1985; Kovacs et al., 1998 ) (for review, see Doty, 1991; Quirion, 1993; Kasa et al., 1997) . Indeed, the presence of cholinergic centrif ugal fibers originating from the magnocellular basal forebrain nuclei [the substantia innominata and the medial part of the horizontal limb of the diagonal band of Broca (HDB)] has been revealed in the olfactory bulb (Shute and Lewis, 1975; Macrides et al., 1981) . In vertebrates, the olfactory bulb is the first relay for olfactory processing, receiving information from the olfactory epithelium and conveying it to higher brain structures via its principal neurons, the mitral and tufted cells. These neurons interact with two classes of local inhibitory interneurons: (1) periglomerular cells that make synapses onto the primary dendrites of mitral /tufted cells, and (2) granule cells that release GABA onto mitral cell secondary dendrites (Ribak et al., 1977; Nowycky et al., 1981; Jahr and Nicoll, 1982) . Cholinergic inputs were once thought to terminate predominantly onto granule spines, leading to the conclusion that the main role of acetylcholine (ACh) is to modulate granule cell inhibition of mitral cells (for review, see Halász and Shepherd, 1983; Macrides and Davis, 1983) . However, more recent anatomical observations have reported significant cholinergic innervation of several layers of the olfactory bulb (Kasa et al., 1995) , which led us to hypothesize far more varied roles for ACh.
Although behavioral studies have stressed the importance of cholinergic inputs in olfactory memory (Ravel et al., 1994; Lév y et al., 1995) , the sites and mechanisms of cholinergic action have not been clearly defined. Electrophysiological experiments have yielded contradictory results. For example, electrical stimulation of the HDB in vivo was reported either to depress (Nickell and Shipley, 1988b) or to increase (Kunze et al., 1991) mitral cell firing through cholinergic modulation of GABAergic inhibition. In addition, application of ACh in vivo either decreased or increased mitral cell firing activity (Ravel et al., 1990; Elaagouby and Gervais, 1992) .
The effects of ACh in the CNS were long thought to be mediated only by muscarinic ACh receptors (mAChRs), because their pharmacological blockade results in serious disruption of multiple brain functions (Ghonheim and Mewaldt, 1975 ) (for review, see Hagan and Moris, 1989) . However, nicotinic AChRs (nAChRs) have been shown in recent years to play major roles in the CNS as well (Levin, 1992; Changeux et al., 1998) . In this study, we took advantage of the slice preparation to explore the effects of the activation of both nicotinic and muscarinic ACh receptors on cell excitability and synaptic transmission in the olfactory bulb network. We report opposite effects of cholinergic modulation of excitability of mitral and granule cells. We have also found opposite modulatory action of ACh on GABAergic synaptic inputs onto granule and mitral cells; the latter may be critical for olfactory processing and learning (Shepherd and Greer, 1998) . All of these cholinergic actions in conjunction with correlated anatomical findings suggest specific roles of the cholinergic system in odor processing as well as in olfactory learning.
MATERIALS AND METHODS
Slice preparation. E xperiments were performed on olfactory bulb slices obtained from 2-to 5-week-old C57/ Bl6 mice. Bulbs were rapidly removed and immediately placed in 4°C oxygenated artificial C SF (AC SF) containing (in mM): 124 NaC l, 3 KC l, 2 C aC l 2 , 1.3 MgC l 2 , 25 NaHC O 3 , 1.25 NaH 2 PO 4 , 10 D-glucose, pH 7.3, when bubbled with 95% O 2 /5% CO 2 (310 mOsm). Horizontal slices (300 m) were cut with a vibrating microslicer (Vibratome 1000; TPI, St. L ouis, MO) and kept in oxygenated AC SF at 32°C for ϳ30 min. Subsequently, the slices were stored at room temperature (20 -22°C) for 4 -6 hr. Individual slices were then transferred to a submerged-slice recording chamber where they were superf used with oxygenated AC SF (same composition as above) at a rate of 2-3 ml /min. The horizontal plane was chosen because this orientation preserves the primary and secondary dendrites of mitral cells.
Electrophysiolog ical recordings. Recordings were performed using the patch-clamp technique in the cell-attached and whole-cell configurations with a RK300 patch-clamp amplifier (Biological Science Instruments, C laix, France). C ells were recorded under visual control with an upright Z eiss Axioskop microscope (40ϫ water immersion objective lens; 0.75 numerical aperture) and infrared differential interference contrast videomicroscopy (IR-DIC; filter, 850 nm). Images of neurons were captured and processed with an image processor (PXC200 Precision Color, Imagination). Mitral cells, periglomerular interneurons, and granule cells were easily discriminated based on morphology and location (Shepherd and Greer, 1998) . To confirm visual identification of recorded neurons, a subset of cells was filled with L ucifer yellow (lithium salt from Sigma, St. L ouis, MO) in the whole-cell recording configuration. The morphology of the patched cells was then sketched after recordings. All experiments were performed at room temperature (22-24°C). Microelectrodes with access resistance of ϳ6 and 12 M⍀ were used to record mitral and granule cells, respectively. An internal solution of the following composition was used (in mM): 123 C s-gluconate, 10 C sC l, 8 NaC l, 1 C aC l 2 , 10 C s-EGTA, 10 Na-H EPES, 10 D-glucose, 0.3 GTP, 2 Mg-ATP, 0.2 AM Pc, pH 7.3 (280 mOsm). Unless indicated otherwise, I PSC s were recorded either in the presence of the AM PA receptor antagonist 1,2, 3, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , with the NMDA receptor antagonist D,L-2-amino-5-phosphonopentanoic acid (D,L-APV; 100 M), or in the presence of a nonspecific ionotropic glutamate receptor antagonist, kynurenic acid (5 mM).
Data anal ysis. Synaptic responses were filtered at 1-5 kHz with an eight-pole Bessel filter, digitized at 4 kHz on a TL -1 interface (Axon Instruments, Foster C ity, CA), and collected on an I BM-compatible computer. On-and off-line data analyses were performed with Acquis1 (Gérard Sadoc, C entre National de la Recherche Scientifique-Agence Nationale pour la Valorisation de la Recherche, Paris, France). The frequency and amplitude of I PSC s were determined off-line, and our detection threshold was set at a di/dt of 10 pA /msec with minimum and maximum rise times set at 0.1 and 4 msec, respectively. The minimal acceptable amplitude for a miniature event was 6 pA. Statistical significance of differences between means was assessed using Student's t test. Kolmogorov-Smirnov statistics were used to determine whether there were statistically significant changes in the frequency and amplitude of I PSC s. The level of significance was set at p Ͻ 0.05 unless indicated otherwise.
To investigate cholinergic effects in the cell-attached mode, a stable frequency of firing was recorded for at least 100 sec to establish a baseline expressed as mean firing rate (defined as 100%). During drug applications, effects were then quantified as a maximum firing frequency relative to baseline for mitral cells and mean for frequency relative to baseline for interneurons. For whole-cell recordings, the reported membrane potentials were corrected for junction potentials, which were measured to be 11 mV, for the solutions used. During all experiments, the access resistance (R a ) and the input membrane resistance (R m ) were constantly monitored, and acquisition was terminated when these parameters changed more than 15%. C apacitance compensation was used to decrease the charging time of the pipette. Because of the small voltage error from the R a , no series resistance compensation was used. Group measurements were expressed as mean Ϯ SEM.
Solution and drugs. Drug solutions were bath-applied using a gravitydriven perf usion system, and maximally effective concentrations of the drugs were achieved within 30 sec (see Fig. 1 B for time course of wash-in). N BQX, D,L-APV and oxotremorine were from Tocris; all other drugs and salts were purchased from Sigma.
RESULTS
During the course of this study, whole-cell or cell-attached patchclamp recordings were performed on 142 mitral cells (principal neurons) and different subtypes of interneurons: 9 bipolar periglomerular cells, 6 monopolar periglomerular cells, and 75 granule cells. Successfully patched mitral cells and interneurons were held for periods ranging from 15 min to Ͼ1 hr. Membrane resistances ranged from 89 to 325 M⍀ (mean of 153 Ϯ 10 M⍀) for mitral cells and were two-to eightfold higher in interneurons (mean of 703 Ϯ 46 M⍀). The location and morphometric features used here to characterize each interneuron were consistent with previous morphological classifications (Schneider and Macrides, 1978) (for review, see Mori, 1987; Shepherd and Greer, 1998) .
Activation of nicotinic receptors increases mitral cell firing frequency
To determine whether cholinergic receptor activation modulates neuronal excitability in the main olfactory bulb, we first assessed the firing activity of mitral cells in the cell-attached mode, and the effects of different cholinergic agonists were evaluated ( Fig. 1A ; see the recording arrangement). All recordings from the somata of visually identified mitral cells showed spontaneous firing activity under our standard conditions (Fig. 1 B) . The firing rates for mitral cells ranged from 1 to 11 Hz, with a mean of 5.5 Ϯ 1.3 Hz (n ϭ 7), in good agreement with previous in vivo reports (Pager, 1983; Motokizawa, 1996) . The application of 10 M NBQX, 100 M D,L-APV, and 20 M bicuculline methiodide (BMI), to block AMPA, NMDA, and GABA A receptors, respectively, only slightly reduced the basal firing rate of mitral cells, indicating that mitral cells were able to fire action potentials spontaneously even in the absence of fast glutamatergic and GABAergic synaptic inputs (n ϭ 28). The broad-spectrum cholinergic receptor agonist carbachol was bath-applied to olfactory bulb slices at concentrations ranging from 10 to 100 M. As illustrated in Figure 1 B, D, application of 50 M carbachol caused a dramatic increase in the frequency of spontaneous action potential discharge of all neurons recorded in standard conditions (a mean rate of 5.5 Hz, range 1-11 Hz in control conditions and a mean of 28 Hz, range 9 -54 Hz in the presence of cholinergic agonist; p Ͻ 0.015; n ϭ 8). This carbachol-induced response was fully reversible with washout of the drug (Fig. 1 B) . Previous studies have shown that cholinergic receptors can cause the release of neurotransmitters through the activation of ACh receptors on the presynaptic terminals (Wonnacott, 1997) . We sought to determine whether the carbachol responses we observed were caused by the direct activation of postsynaptic receptors or indirectly through the release of neurotransmitter onto the mitral cells. Blocking ionotropic glutamate receptors (NBQX, 10 M and D,L-APV, 100 M) and GABA A receptors (BMI, 20 M) did not inhibit carbachol responses (n ϭ 5; p Ͼ 0.05), suggesting a direct effect onto mitral cells (Fig. 1 D) . In the presence of these synaptic blockers, application of 30 M nicotine (Fig. 1C) mimicked the carbachol effect (n ϭ 8). The mean frequency was increased from 6 Hz (range 0.9 -10 Hz) to 58 Hz, (range 19 -95 Hz; n ϭ 8) after nicotinic application ( Fig. 1 D) . Because there are many subtypes of neuronal nicotinic receptors in the C NS (for review, see Wonnacott, 1997; Changeux et al., 1998) , we used the nicotinic receptor antagonist mecamylamine at a concentration unlikely to distinguish between these different subtypes. We found that 50 M mecamylamine completely blocked the enhancing actions of carbachol or nicotine on mitral cell firing frequency (n ϭ 4) ( Fig.  1 D) . Moreover, oxotremorine (50 M), used as a specific mAChR agonist, did not change the cell firing rate (n ϭ 4; data not shown).
The spike amplitude reduction observed after nAChR activation ( Fig. 1 B, right) strongly suggested that the firing activity enhancement was caused by a membrane potential depolarization. In agreement with this interpretation, bath application of nicotine at concentrations ranging from 10 to 100 M always elicited an inward current accompanied by an increase in noise ( Fig. 2) (n ϭ 42). In standard medium, the mean maximum amplitude of the response induced by nicotine application (30 M) was Ϫ645 Ϯ 138 pA (range from Ϫ238 to Ϫ1382 pA; n ϭ 11) at Ϫ80 mV. As illustrated in Figure 2 A, these responses were dose dependent and specifically blocked by mecamylamine (50 M; n ϭ 4). Rundown of the nicotine-induced current was not observed during the course of these experiments using our pipette medium (Fig. 2 A1) . This nicotine-induced current was also mimicked by 50 M carbachol application (data not shown) and was revealed to be a direct response of mitral cells. Hence, nicotine (30 M) still evoked a significant inward current (range from Ϫ113 to Ϫ570 pA; n ϭ 17) in the presence of BMI and NBQX-APV (Fig. 2 B1) , as well as in the presence of blockers of voltage-dependent sodium channels (TTX, 1 M) and voltagedependent calcium channels (200 M Cd 2ϩ plus a mixture of external high Mg 2ϩ /0 C a 2ϩ ratio) (mean current: Ϫ244 Ϯ 41 pA; n ϭ 15) (Fig. 2 B2) , arguing for a direct effect on mitral cells. Altogether, these findings support the existence of functional nicotinic receptors on mitral cells that enhance their firing activity by directly depolarizing the membrane potential.
As illustrated in Figure 2C , a long (up to 400 sec) application of nicotine (30 M) showed a slow decay, with a mean half-decay time ranging between 160 and 285 sec (247 Ϯ 18 sec; n ϭ 6). This time constant was relatively independent of the peak current amplitude (Fig. 2C, bottom traces) . To f urther characterize this slowly decaying current, voltage-ramp commands were applied to evaluate its relationship with voltage (Fig. 2 D) . Neuronal nAChRs have previously been shown to have inwardly rectifying current-voltage relationships, passing little outward current and having zero current between 0 and ϩ20 mV (for review, see Role, 1992) . Consistent with previous findings, voltage ramps given in the absence and presence of nicotine (30 M) revealed a reversal potential (E rev ) ranging from Ϫ5 to ϩ 10 mV (a mean value of 3.2 Ϯ 2.7 mV; n ϭ 6) and an inward current, which strongly rectified such that outward current was not observed for positive membrane potential values, up to ϩ50 mV (Fig. 2 D) . Thus, the current-voltage relationship of the slowly decaying nicotinic response is consistent with the activation of neuronal nAChRs.
Activation of muscarinic receptors decreases granule cell firing frequency
Because granule cells constitute the largest neuronal population in the main olfactory bulb, these interneurons are extremely influential in the control of olfactory bulb circuitry (for review, see Mori, 1987) . We thus investigated whether they were subjected to cholinergic modulation. When recorded in the cellattached configuration with BM I and N BQX-APV, some granule cells were also found to be spontaneously active (Fig. 3B,C) , with a mean firing rate of 6.0 Ϯ 1.3 Hz (n ϭ 7). Bath application of carbachol (50 -100 M) reduced spike discharge of granule cells (a mean reduction of 58 Ϯ 11%; n ϭ 4) ( Fig. 3 B, D) . A dose-dependent effect was found within the range of 10 -100 M of carbachol (n ϭ 5), and the reduction of granule cell firing activity was slowly reversible on washout of the agonist (Fig. 3B) . The muscarinic nature of this carbachol effect on granule cell firing was revealed by oxotremorine (50 M) (Fig. 3C,D) (n ϭ 4), whereas nicotine (up to 50 M) treatment did not affect their firing frequency (Fig. 3D) (n ϭ 4) . The reduction of spike discharge induced by muscarinic receptor activation may result from a membrane potential hyperpolarization because the amplitude of currents generated by action potentials was increased (Fig. 3B,  right) .
Altogether, these findings demonstrate that ACh modulates, in opposite directions, the spontaneous firing of mitral and granule cells through the activation of nicotinic and muscarinic receptors, respectively. Moreover, because these dual effects were also seen after blockade of ionotropic glutamatergic and GABAergic synaptic transmission, these two cholinergic actions probably result from direct membrane potential changes. It is noteworthy that our findings do not support a direct nicotinic effect on granule cells, whereas others have reported nicotine-induced responses in olfactory bulb interneurons (Alkondon and Albuquerque, 1994; Alkondon et al., 1996) . We therefore decided to further investigate the nicotinic actions on other olfactory bulb interneuron subtypes.
Whole-cell nicotinic currents in interneurons
To examine a direct effect of nicotinic receptor activation on olfactory bulb interneurons (i.e., monopolar periglomerular cells, bipolar periglomerular cells, and granule cells), whole-cell recordings were performed with patch electrodes containing Luci- fer yellow. This dye was used to determine whether the effects induced by cholinergic receptor activation could be correlated with distinct cell morphology and location. For all interneuron subtypes recorded, only bipolar periglomerular cells were sensitive to nicotine (30 M). In the presence of BM I and NBQX-APV, a nicotine-induced current was observed from four of four recorded cells (Ϫ113 Ϯ 84 pA) (Fig. 4 A,B) , but up to 100 M nicotine application failed to induce a response from all tested monopolar periglomerular (n ϭ 6) and granule cells (n ϭ 4) (Fig.  4 A) . Bipolar periglomerular cell firing activity was also dramatically enhanced during nicotine treatment in the presence of BMI and N BQX-APV (data not shown). Figure 4 also shows that the response to nicotine (30 M) progressively decays during prolonged application of the agonist; as reported for mitral cells, the decay time was independent of the amplitude (Fig. 4 B) . This amplitude independence allowed us to compare the rate of decay across cell types. As depicted in Figure 4C , the decay was found to be faster in interneurons than in mitral cells (mean times to half-decay of 94 Ϯ 7 and 247 Ϯ 18 sec for four bipolar periglomerular cells and six mitral cells, respectively; p Ͻ 0.001). This discrepancy could result from different compositions of nAChR subunits. Indeed, similarly fast decay time constants have been reported for nicotinic responses recorded in cultured olfactory bulb interneurons expressing the ␣7-subunit (Alkondon and Albuquerque, 1994) ; it is this ␣7 subunit that has been found to be highly expressed in the glomerular layer (Le Jeune et al., 1995) . With the finding that f unctional nAChRs and mAChRs are present in the olfactory bulb network and that activation of these receptors strongly modulates neuronal excitability, we then analyzed in detail the ability of cholinergic receptors to control GABA release from interneurons.
Spontaneous and glutamate-evoked GABA release onto mitral cells
Spontaneous synaptic inputs onto mitral cells were measured in the whole-cell recording configuration. E xcitatory and inhibitory synaptic activities were distinguished under control conditions by using a low-chloride internal solution to separate the reversal potentials of excitatory and inhibitory synaptic currents. Under these conditions, spontaneous I PSC s were seen as inward at Ϫ80 mV and outward at 0 mV (the reversal potential for excitatory synaptic events) (Fig. 5A ). As expected, these spontaneous events reversed at the chloride equilibrium potential (E C l of Ϫ48 mV) and were completely and reversibly blocked by bicuculline (20 M; n ϭ 6), indicating that they were mediated by activation of GABA A receptors (Fig. 5A) . It is noteworthy that during the course of these recordings, GABAergic events remained stable even after long periods of recording in control conditions. This lack of rundown contrasts with the receptors observed in hippocampal cells (Stelzer et al., 1988) .
GABA release from granule cells onto mitral cells is located in a structure called the dendrodendritic reciprocal synapse, consisting of an excitatory synapse directly adjacent to an inhibitory granule-to-mitral cell synapse (Price and Powell, 1970) . It has been demonstrated that evoked GABA release is mediated by glutamate excitation (Now ycky et al., 1981; Jahr and Nicoll, 1982; Isaacson and Strowbridge, 1998; Schoppa et al., 1998) . However, little is known about spontaneous granule-to-mitral cell GABA release in the absence of excitation. To quantif y spontaneous GABA release, cells were recorded in the presence of NBQX-APV (Fig. 5C,D) or the broad-spectrum ionotropic glutamatergic antagonist kynurenate (5 mM). Glutamatergic receptor blockers dramatically decreased spontaneous IPSC frequency (a mean reduction of 81 Ϯ 4%, with p Ͻ 0.0005; n ϭ 9) as well as the number of large spontaneous IPSCs (Fig. 5D ). In sum, mitral cells receive spontaneous IPSCs driven by glutamate receptor activation that are characterized by large amplitudes and high frequency as well as spontaneous IPSCs independent of glutamate receptor activation characterized by smaller amplitudes and a lower frequency. Having described these two types of GABAergic events onto mitral cells, we then investigated their potential sensitivity to cholinergic modulation.
Activation of muscarinic receptors modulates GABAergic synaptic inputs onto mitral cells
As shown in Figure 6 A, bath application of carbachol in standard external medium markedly increased the frequency of spontaneous IPSCs; the relative interevent interval curve was shifted to the left, indicating an increase of the frequency of GABAergic events (Fig. 6C, left graph) . The mean baseline frequency of these spontaneous events (5.0 Ϯ 1.1 Hz) was increased during carbachol treatment by an average of threefold (15.4 Ϯ 3.2 Hz) in seven of seven mitral cells. In most of these neurons, the increase in frequency was attributable to an increase in the number of small amplitude events, which therefore resulted in an apparent decrease of mean IPSC amplitude (Fig. 6 B) . As illustrated in Figure  6C (right graph), the cumulative amplitude plot indicates a reduction in the number of large amplitude GABAergic events. However, when spontaneous IPSCs were averaged and superimposed to compare kinetics, rise times and decay rates were unchanged (Fig. 6 B) . On average, no changes in cumulative rise time distributions of spontaneous IPSCs before and during carbachol treatment were seen (data not shown; n ϭ 5; p Ͼ 0.05). The carbachol effect on spontaneous IPSC frequency reached a steady state within 20 -40 sec and showed no evidence of desensitization over an application period of up to 3 min (n ϭ 6).
This carbachol-induced enhancement of spontaneous IPSC frequency could be caused by an increase in mitral cell firing or a direct increase in the dendrodendritic synaptic transmission, or both. To test this possibility, slices were bathed with glutamatergic receptor antagonists, which should prevent this effect. Carbachol still increased the frequency of GABAergic events in all recorded neurons (n ϭ 4). We thus decided to explore more precisely the mechanism by which carbachol could directly increase GABA release.
To evaluate the contribution of action potential-independent transmitter release, synaptic events were measured in the presence of both tetrodotoxin (TTX; 0.5-1 M, perfused for a minimum of 5 min) to block action potentials, and glutamatergic antagonists, to isolate miniature IPSCs reflecting quantal release by granule cells (n ϭ 39 experiments) (Fig. 6 D-F) . The baseline frequency of miniature IPSCs (2.0 Ϯ 0.5 Hz; n ϭ 12) was markedly increased in all tested cells by carbachol treatment (4.8 Ϯ 1 Hz; n ϭ 12; p ϭ 0.004), and cumulative amplitude distributions of miniature IPSCs demonstrated significant changes in 9 of 12 cells ( p Ͻ 0.001 with Kolmogorov-Smirnov test) (Fig. 6 D, F, left panel ) . In Figure 6 , only the small amplitude (Ͻ40 pA) synaptic events seemed to be sensitive to carbachol. In other cells, only large synaptic currents were affected by carbachol (data not shown). However, in any case, a correlation with a change in the rise time could be observed, which argues against a distinct localization of the population of carbachol-sensitive GABAergic synapses that impinge on mitral cells. Thus, carbachol enhanced GABA release through a mechanism independent of the spontaneous firing of granule cells or glutamatergic excitatory drive, indicating that carbachol directly modulates quantal release of GABA from presynaptic terminals.
The carbachol-induced enhancement of miniature GABAergic events was not reproduced by 10 -30 M nicotine (Fig. 7A ) (n ϭ 6) but could be mimicked by 50 M oxotremorine (a mean increase of 318 Ϯ 124% of control frequency; n ϭ 4; p Ͻ 0.001), indicating that this enhancement was mediated through activation of mAChRs (Fig. 7B) . Activation of mAChRs could increase miniature IPSC frequency either by a direct effect on the exocytotic machinery or by increasing calcium influx into presynaptic terminals, or both. We therefore examined whether carbachol The effect of bath application of nicotine was examined for three interneuron subtypes: monopolar periglomerular cell (PG mono ), bipolar periglomerular cell (PG bi ), and granule cell (GC). These cells were identified by their location, morphology, and pattern of electrophysiological activity. A, Membrane current traces of individual interneurons showed that only bipolar periglomerular cells respond to nicotine application. Insets, C amera lucida drawings of the L ucifer yellow-filled interneurons performed after whole-cell recordings. B, Inward currents obtained from two different periglomerular interneurons (1 and 2) showed identical decay kinetics when scaled (1 ϩ 2). C, L ong applications of nicotine revealed a faster decay for a periglomerular cell (PG) than for a mitral cell (MC) shown in Fig. 2C 2 . The holding potential was Ϫ80 mV for all recordings. (Fig. 7C) , with a mean increase of 319 Ϯ 220% (n ϭ 4). We thus conclude that mAChRs facilitate GABA release onto mitral cells through a direct presynaptic effect that excludes modulation of C a 2ϩ influx through voltage-gated C a 2ϩ channels.
Evidence for two distinct GABAergic synaptic events in the olfactory bulb
During cell-attached recordings of granule cells, the spontaneous firing frequency was increased when bicuculline was bath-applied (data not shown). This increase may reflect a tonic GABAergic inhibition that could protect granule cells from long-lasting depolarization. Whether the GABA involved in this modulation is released from intrinsic interneurons or from centrif ugal fibers is unknown. First, to characterize spontaneous inhibitory synaptic inputs to granule cells, synaptic currents were recorded in the presence of NBQX-APV (as control condition) at ϩ30 mV. Similar to the mitral cell experiments, inhibitory postsynaptic events were identified as GABA A receptor-mediated events by (1) complete blockade by bicuculline (20 M) (n ϭ 11) and (2) similar E rev reported for IPSCs detected in mitral cells. In all granule cells (n ϭ 43), spontaneous GABAergic inputs were observed with a mean rate of ϳ1 Hz (n ϭ 21). For comparison, the mean rate of spontaneous IPSCs recorded in mitral cells under similar conditions was higher (1.88 Ϯ 0.31 Hz; p Ͻ 0.05; n ϭ 9) (Fig. 8 A, top traces) . Because all granule cells showed spontaneous IPSCs, the source of GABA onto granule cells was probably neighboring interneurons rather than centrifugal fibers [also see Wellis and Kauer (1994) ].
To assess the contribution of action potentials to GABA release onto mitral and granule cells, synaptic inputs were measured before and after addition of TTX (1 M) in the presence of NBQX-APV (Fig. 8 A,B) . A dramatic change in the distribution Figure 6 . Carbachol increases the frequency of both spontaneous I PSC s ( A-C) and miniature I PSC s ( D-F) from mitral cells. A, Sample recordings of spontaneous IPSCs are depicted in standard medium (Std) and after 50 M carbachol application (CCh). B, Spontaneous I PSC s were averaged and scaled before (Std, 220 events) and after carbachol application (CCh, 191 events) . Note that carbachol caused no change in the time course of these events. C, Cumulative probability plots of event frequency (lef t graph) and amplitude (right graph) were constructed from 125 sec of continuous recording (394 and 967 events in Std and CCh, respectively). CCh enhanced the frequency of spontaneous I PSC s (a mean interevent interval of 0.32 Ϯ 0.4 (SD) sec and 0.13 Ϯ 0.15 sec before and after bath application of carbachol, respectively). The mean spontaneous I PSC amplitude in Std was 49 Ϯ 46 pA (SD) versus 38 Ϯ 31 pA in CCh. Both changes were statistically significant (Kolmogorov-Smirnov test, p Ͻ 0.001). D, Sample recordings of miniature IPSCs from a different cell before (Ctrl ) and during application of 50 M carbachol (CCh) in the presence of 1 M TTX. E, Averaged miniature IPSCs before (Ctrl, 230 events) and during carbachol treatment (CCh, 206 events). As in B, traces are superimposed and scaled on the right (Scaled) to illustrate that carbachol had no effect on the time course of miniature I PSC s. F, Cumulative probability plots of synaptic current frequency and amplitude were constructed from 80 sec of continuous recording (305 and 617 events in Ctrl and CCh, respectively). CCh enhanced the frequency of miniature IPSCs [mean interevent interval of 0.26 Ϯ 0.25 sec (SD) and 0.13 Ϯ 0.12 sec before and after bath application of carbachol, respectively]. The mean miniature IPSC amplitude in controls was 55 Ϯ 54 pA versus 39 Ϯ 29 pA in CCh. Both changes were statistically significant (Kolmogorov-Smirnov test, p Ͻ 0.001). D-F, Cells in this figure were recorded in the presence of 10 M N BQX and 100 M D,L-APV and voltage-clamped at 0 mV. of interevent intervals was observed in the cumulative distributions from a granule cell shown in Figure 8 A (top panel ) but not from a mitral cell (Fig. 8 A, bottom panel ) . Hence, whereas addition of TTX to the bathing medium decreased the frequency of spontaneous I PSC s detected in granule cells by 60 Ϯ 10% (n ϭ 8), it only decreased spontaneous I PSC frequency from mitral cells by 30 Ϯ 9% (n ϭ 8) (Fig. 8 B) . This observation indicates that most of the GABAergic inputs onto granule cells depend on cell firing, whereas the large majority of spontaneous inhibitory events onto mitral cells depend on ionotropic glutamate receptor activation (Fig. 5C,D) . We also have found that spontaneous IPSCs, as well as miniature I PSC s in granule cells, last longer than those inhibitory events recorded from mitral cells. For example, spontaneous I PSC s in granule cells (n ϭ 11) showed a mean half-decay time of 38.2 Ϯ 3.6 msec (Fig. 8C, top traces) when compared with those from mitral cells, with fourfold faster decay rates (10.9 Ϯ 1.1 msec; p Ͻ 0.0001; n ϭ 9) (Fig. 8C, middle traces) .
Altogether, these results demonstrate that spontaneous GABA Amediated IPSCs recorded from granule cells were distinct from those detected in mitral cells by (1) their low spontaneous frequency, (2) their dependence on firing activity, and (3) their slow time course of decay.
To test whether these inhibitory synapses could also be distinguished by their sensitivity to cholinergic modulation, spontaneous inhibitory events were recorded from granule cells in the presence of cholinergic receptor agonists. Figure 9 A, B shows that 50 M oxotremorine dramatically decreased the frequency of spontaneous IPSCs recorded in control conditions (a mean reduction of 38.8 Ϯ 3.6%; n ϭ 5), whereas nicotine application had no effect (n ϭ 5) (Fig. 9C) . This reduction could result from the decrease in granule cell firing activity reported above. To test this possibility, cells were first bathed with 1 M TTX before application of oxotremorine. As shown in Figure 9C , in the absence of action potentials oxotremorine has no more effect, indicating that muscarinic modulation of GABA release onto granule cells requires firing activity. Furthermore, these results strongly suggest that GABAergic inputs onto granule cells originate from neighboring granule cells. Together, these data illustrate a dual modulation mediated by muscarinic receptors: on the one hand they increase the level of tonic GABAergic inhibition onto mitral cells while also relieving inhibition onto granule cells.
DISCUSSION
This study demonstrates the presence of at least four different targets for cholinergic inputs into the main olfactory bulb. We found that ACh induces a prominent increase in the firing activity of both mitral cells and bipolar periglomerular neurons through activation of distinct nAChR populations. In addition, activation of mAChRs both increases GABA release from granule cells onto mitral cells and inhibits granule cell firing. We propose that through varied mechanisms, including extrasynaptic ACh diffusion, receptor subunit composition differences, and subcellular compartmentalization, cholinergic inputs have multiple points of control over the olfactory bulb network.
Anatomical localization of cholinergic receptors in the olfactory bulb
The olfactory bulb, like other forebrain cortical structures, receives strong cholinergic inputs from the basal forebrain (Wenk et al., 1977; Macrides and Davis, 1983; Z aborsky et al., 1986) . The bulb itself is virtually devoid of intrinsic cholinergic neurons (Woolf et al., 1984; Nickell and Shipley, 1988a; Senut et al., 1989) . Autoradiographic and binding studies have revealed two important characteristics of cholinergic receptors in the olfactory bulb: both nAChRs and mAChRs are present at high densities, and their distribution within the olfactory bulb is well segregated with a low degree of overlap. This segregation of muscarinic and nicotinic receptors may reflect a dual organization of the olfactory bulb cholinergic system: the glomerular and mitral cell layers are more susceptible to modulation by nAChRs, whereas deeper layers (plexiform and granule cell layers) may be modulated primarily by mAChRs.
Fine structural observations have shown that centrifugal cholinergic projections terminate primarily onto interneurons (Nickell and Shipley, 1988a; Le Jeune and Jourdan, 1994; Kasa et al., 1995) . For example, when choline acetyltransferase was used to label cholinergic axons, ultrastructural analysis revealed that cholinergic synapses were selectively targeted onto the dendrites of periglomerular or granule cells but never on mitral cells (Le Jeune and Jourdan, 1993) . Because no cholinergic synapses have been observed on mitral cells, it has been thought that neuromodulatory effects of ACh in the bulb are mediated only through cholinergic synapses onto interneurons (Kasa et al., 1995) . During the course of this study, however, a remarkable direct effect on mitral cells was consistently found after nAChR activation, suggesting an action of extrasynaptic diffusion of ACh (see below).
Two distinct nicotinic currents in the main olfactory bulb
Nicotinic AChRs have been found to be restricted to glomerular and mitral cell layers (Hunt and Schmidt, 1978; Hill et al., 1993; Le Jeune et al., 1995 . This specific distribution supports the selective sensitivity to nicotinic agonists that we observed for periglomerular and mitral cells. Our data also agree with previous reports showing that ACh was able to increase the firing of interneurons from the glomerular layer (Pager, 1983) and induce inward currents in cultured interneurons (Alkondon and Albuquerque, 1994; Alkondon et al., 1996) . These reports did not identify the cell types from which cholinergic responses were induced. Moreover, recordings of cultured neurons have reported only one type of cholinoceptive neuron (Alkondon and Albuquerque, 1994; Alkondon et al., 1996) . This discrepancy may result from the absence of mitral cells in cultures prepared from neonatal animals (Trombley and Westbrook, 1990) .
Despite the fact that cholinergic projections have not been found to form synapses onto mitral cells, these cells still respond to cholinergic activation with fast inward currents. The apparent lack of cholinergic synapses onto mitral cells suggests that ACh reaches postsynaptic nAChRs by long-range diff usion (Fig. 10 A) . Extrasynaptic release of ACh has been proposed to occur in several systems in the C NS and may participate in a volume transmission phenomenon (Agnati et al., 1995) consistent with the diff use anatomical organization of cholinergic fibers (Woolf, 1991) .
Numerous nAChR subunits have been described that, in various combinations, form receptors with different f unctional properties (Marks et al., 1986; Happe et al., 1994) . For instance, ␣7-containing nAChRs rapidly desensitize (Couturier et al., 1990; Gerzanich et al., 1994; Z hang et al., 1994) , whereas ␣4␤2-containing nAChRs show slower desensitization rates (Lindstrom, 1996; Léna and Changeux, 1997; Changeux et al., 1998) . Immunohistochemical studies have found mitral cell bodies to be exclusively and intensely stained with ␤2-subunit antisera (Hill et al., 1993) , whereas the ␣7 subunit has been found mainly in the periglomerular layer (Le Jeune et al., 1996) . Thus, the different decay times of nicotinic currents that we observed could reflect the presence of putative nAChR containing ␣4␤2 subunits (hereafter referred to as ␣4␤2 nAChR, although the exact subunit composition remains to be determined) located on mitral cells, and ␣7 subunit located on periglomerular cells. In general, ␣7-containing nAChRs are found clustered in synaptic locations, whereas ␤2-containing receptors have been localized perisynaptically (for review, see Clarke, 1993; Role and Berg, 1996) . It is noteworthy that ␣4␤2-containing nAChRs show a high-affinity ACh binding site and therefore are more suitable to activation through paracrine ACh action. In addition, the different time courses of decay of nicotinic responses found in mitral and bipolar periglomerular cells suggest that nAChRs are best suited for mediating a tonic action in mitral cells and a phasic effect in interneurons, as recently suggested for different hippocampal interneuron subtypes (Alkondon et al., 1999; McQuiston and Madison, 1999) .
By increasing firing rates of both mitral cells and periglomerular neurons, nAChRs can exert opposing effects on the final output firing rate of mitral cells (Fig. 10 A) . Diffusion of ACh from cholinergic terminals to mitral cells would activate the slowly desensitizing nicotinic receptors to bring the resting membrane potential closer to the threshold for initiation of action potentials. At the same time, in glomeruli, ACh could indirectly inhibit olfactory nerve inputs onto mitral cell dendrites through activation of periglomerular cells. Indeed, it has been proposed that the periglomerular neurons sensitive to ACh are dopaminergic interneurons (Nickell and Shipley, 1988a) , and we have recently reported that dopamine receptor activation reduces the strength of olfactory nerve inputs (Hsia et al., 1999) . 
Dual forms of modulation by muscarinic receptor activation on granule cells
The selective effect of muscarinic receptor activation on granule cells described here is consistent with previous anatomical reports, which find binding for both M1-and M2-like receptors localized to the plexiform and granule cell layers, with relatively little muscarinic binding in the glomerular layer (Hunt and Schmidt, 1978) . We found that mAChR activation modulates the output of granule cells in opposing directions, depending on the subcellular localization of the mAChR population: somatically, by reducing excitability of granule cells, and presynaptically, by enhancing GABA release onto mitral cells. At the level of the network, it should also be noted that the muscarinic inhibition of granule cell firing would lead to a disinhibition of neighboring granule cells, because GABAergic inputs onto these interneurons are strongly dependent on action potentials (Fig. 8A,B) .
The reduction of granule cell firing by mAChR activation may result from a membrane potential hyperpolarization caused by activation of a potassium conductance, as shown in other brain structures (Egan and North, 1986; McCormick and Pape, 1988) (for review, see Brown et al., 1997) . As to how mAChRs could stimulate neurotransmitter release, most studies have instead reported a reduction of synaptic transmission mediated by mAChRs (for review, see Nicoll et al., 1990) . Because the enhancement of GABA release onto mitral cells was still observed in the presence of TTX and C d 2ϩ , we propose that mAChR activation increases GABA release either by recruiting Ca 2ϩ release from intracellular pools or by directly modulating exocytotic machinery. Muscarinic receptors are therefore likely to be located near the transmitter release site on GABAergic terminals.
Integration of cholinergic modulation in the main olfactory bulb
A consideration of the entire network of connections in the bulb can lead to more complex interpretations. First, as mentioned above, an indirect effect of decreasing granule cell body excitability would be a decrease in the degree of inhibition -a disinhibition-of neighboring granule cells. Second, a consideration of the ensemble of nicotinic and muscarinic AChR effects would be necessary to understand a potential role for cholinergic inputs in complex temporal and spatial patterns of circuit activity. For example, the cholinergic projection to the hippocampus has been proposed to serve as the pacemaker for the hippocampal theta rhythm. Indeed, this rhythm is present in the olfactory bulb as well and has been shown to be phase-locked with both the sniff cycle and the hippocampal theta during odor learning tasks (Macrides et al., 1982) . Temporal coordination of circuit activity may be critical to the olfactory system (Stopfer et al., 1997) , which lacks the point-to-point spatial organization of other sensory systems.
Our characterization of four distinct targets for ACh in the olfactory bulb elucidates the critical role of cholinergic inputs in modulating various elements of this network. Because of the widespread and opposing effects of ACh receptor activation, changes in any of these four points of control will change the state of activity and the output of the network. Further investigation of how these sites of cholinergic modulation interact and change during olfactory processing and learning should deepen our understanding of this complex circuit.
